Introduction. Interethnic differences in susceptibility to malaria provide a unique opportunity to explore immunological correlates of protection. The Fulani of Sahelian Africa are known for their reduced susceptibility to Plasmodium falciparum, compared with surrounding tribes, yet the immunology underlying this is still poorly understood.
tribe as being responsible, rather than behavioral factors [2, 4] or erythrocyte-associated genetic traits [7] . Fulani have a higher spleen rate [2, 8] and higher prevalence and titers of anti-P. falciparum antibodies than sympatric tribes [9] [10] [11] . Interestingly, Farouk et al [12] found this stronger serological response was not correlated with an alteration in cellular Th2/Th1 ratio, with both pathways appearing to be marginally more responsive in Fulani, compared with Dogon. Recently, it was proposed that lower numbers of circulating regulatory T cells in Fulani lead simultaneously to more robust anti-malarial immunity and a higher incidence of autoimmune disease [13] . Importantly, however, neither the pathogen specificity of cellular effector responses in this African population nor their correlation with susceptibility to parasitemia at an individual level have ever been explored.
Interferon (IFN)-g is a crucial cytokine in both the innate and adaptive cellular immune responses to malaria parasites. It is produced by natural killer cells [14] and both ab-and gd-T cells [15, 16] within 24 h after P. falciparum-infected red blood cell (RBC) stimulation in vitro and is critical in inducing innate and adaptive effector functions [17] . Cellular IFNg responses have been shown to protect volunteers in an experimental human malaria challenge model in the absence of antibodies [18] . Furthermore, early IFN-g responses to P. falciparum-infected RBCs correlate with clinical protection in both children [19] and pregnant women [20] .
Here, we studied early cellular responses to P. falciparuminfected RBC in Fulani and Dogon of Mali, focusing in particular on IFN-g responses. We show that mononuclear cells in Fulani produce a markedly stronger IFN-g response to in vitro stimulation with P. falciparum but not other common pathogens, and that this response is independent of regulatory T cell counts but strongly associated with lower parasite densities.
MATERIALS AND METHODS

Inclusion.
The study site has been described in detail elsewhere [2] ; briefly, the Dogon valley of Mali is a rural Sahelian area with intense seasonal malaria transmission during the rainy season (June-September), with very little transmission at other times of the year. Dogon and Fulani inhabit this area in sympatric villages. Samples for this study were collected in 4 separate inclusion sessions, 2 during the rainy season (September 2005 and September 2006) and 2 during the dry season (April 2007 and February 2008) . The study included both healthy adult male volunteers and all patients presenting to the local health center with symptoms of uncomplicated malaria. A thick blood slide was made for each volunteer, was stained in 3% Giemsa, and was examined for the presence of P. falciparum parasites; parasites were enumerated per 300 leukocytes, and parasite densities were calculated assuming a leukocyte count of cells/mL. Axillary temperature was measured in all 6 7.5 ϫ 10 patients, and symptomatic malaria was defined as fever (temperature у37.5ЊC) or history of fever plus the presence of any density of parasites in the blood as observed by microscopy [2] . [21] . Approval for this ongoing study was provided by the institutional review boards of the University of Stockholm (National Ethical Committee no 03 536) and the University of Bamako (no 0527/FMPOS). Blood collection. Ten milliliters of venous whole blood was collected into lithium heparin vacutubes (BD) from all healthy volunteers and symptomatic patients for whom this was considered clinically responsible. Five hundred microliters of whole blood was first removed for a full blood count and parasite quantification by nucleic acid sequence-based amplification (NASBA). Tubes were then centrifuged for 10 min at 520 g, plasma was collected and stored at Ϫ80ЊC, and the cell pellet was reconstituted to the original volume with RPMI media. PBMCs were isolated by centrifugation over Ficoll-Hypaque and washed 3 times in cold phosphate-buffered saline (PBS).
PBMC stimulations. PBMCs were cultured in U-96 well plates at a final concentration of cells/mL in RPMI 6 2.5 ϫ 10 containing 2 mmol/L glutamine, 1 mmol/L pyruvate, 50 mg/ mL gentamicin, and 10% pooled human AB + serum (Sanquin) and were stimulated in duplicate wells for 24 h at 37ЊC with P. falciparum-infected RBCs, uninfected RBCs, or a variety of control stimuli. Following stimulation, supernatants were harvested and stored at Ϫ80ЊC until measurement of cytokine production by enzyme-linked immunosorbent assay (ELISA).
In some experiments, whole PBMCs were first depleted of regulatory T cells by magnetic beads specific for CD25 (Miltenyi Biotech), according to the manufacturer's instructions. Depleted PBMCs were resuspended for culture at a concentration of whole PBMCs/mL. Mock-depleted control PBMCs 6 2.5 ϫ 10 were treated similarly in these experiments and were also passed 19 (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) .56 11 (8) (9) (10) (11) (12) (13) (14) (15) (16) 9 .39 26 15 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) + lymphocyte depletion was assessed in all samples by flow cytometry and did not differ between Dogon and Fulani (mean percentage depletion of T regulatory cells ‫ע‬ standard error, 93.8% ‫ע‬ and , respectively; ). 0.86% 92.4% ‫ע‬ 1.57% P p .86 Stimuli. Preparations of mature NF54 strain P. falciparuminfected RBCs and mock-cultured uninfected RBCs were obtained by routine methods as described elsewhere [22] and were cryopreserved at cells/mL in PBS with 15% glycerol. 6 150 ϫ 10 Cryopreserved P. falciparum-infected RBCs present almost as strong a stimulus as fresh P. falciparum-infected RBCs and have identical stimulatory characteristics. Their use in large experiments has logistical advantages, in addition to reducing confounding attributable to interbatch variation. One single large batch of cryopreserved P. falciparum-infected RBCs was used for each individual field study described above, at a final concentration of cells/mL. Phytohemaglutinin (Sigma) and 6 5 ϫ 10 Mycobacterium tuberculosis sonicate (RIVM) were used at a final concentration of 10 mg/mL; heat-killed Candida albicans conidia, Staphylococcus aureus, and Salmonella typhi were used at a final concentration of cells/mL. PBMCs were washed twice in PBS containing 2% fetal calf serum, followed by addition of flow cytometry buffer containing PBS plus 2% fetal calf serum and 0.1% sodium azide. PBMCs were then blocked with 5 mL of mouse serum (5 min at 4ЊC). Subsequently, cells were incubated in 50 mL of flow cytometry buffer containing diluted PerCP-, FITC-, and APCconjugated monoclonal antibodies with specificity for human CD3, CD4, and CD25 (clones CK7, RPA-T4, and 2A3, respectively; Becton-Dickinson Biosciences). For intranuclear staining of FOXP3, the phycoerythrin anti-human Foxp3 Staining set (Ebioscience) was used according to manufacturer's instructions. For lymphocyte subset characterization, PBMCs were stained with CD3-PerCP and CD56-phycoerythrin (clone MEM188; Ebioscience). Stained and fixed PBMCs were stored in flow cytometry buffer and counted on a FACSCalibur flow cytometer (Becton-Dickinson). For each measurement, the same settings were used. CellQuestPro software was used for analysis.
Cytokine ELISA. IFN-g, interleukin (IL)-4, and IL-10 production in culture supernatants was measured by commercially available sandwich ELISA, according to the manufacturer's instructions (Sanquin), with lower limits of detection of 3, 5, and 3 pg/mL, respectively.
Serology. Total immunoglobulin G (IgG) reactivity against soluble whole P. falciparum asexual parasite extract was measured by standard ELISA methodology, as described elsewhere [23] .
Quantitative NASBA. NASBA quantification of parasitemia in venous blood was performed as described elsewhere [24] . Briefly, 50 mL of whole blood was lysed in high molar guanidium (L6) buffer, then nucleic acids were adsorbed to silica particles and stored at Ϫ80ЊC. Nucleic acids were extracted according to the Boom method, and P. falciparum 18S ribosomal RNA was quantified by NASBA, according to the manufacturer's instructions (bioMérieux). Quantitative NASBA has a detection limit of 20 parasites/mL, which is a 1000-fold higher sensitivity than blood smear microscopy.
Statistics. Statistical analysis was performed in SPSS, version 16.0 (SPSS). Differences in continuous clinical parameters and responses between tribes were analyzed by Mann-Whitney U test; paired observations were compared by the Wilcoxon signed ranks test. Categorical variables were compared by x 2 test or Fisher's exact test. Associations between continuous variables were assessed by Pearson's correlation. Linear regression models were used to assess which factors were independently associated with log 10 -transformed IFN-g response. The models included the dichotomous variables tribe, season, fever, and age (cut-off age, 12 years) and the continuous variables anti-asexual IgG level (optical density), log 10 -transformed percentage of regulatory T cells, and log 10 -transformed asexual parasite density. Factors with a P value !.05 in univariate models were included in a multivariate model and were retained if the adjusted P 
RESULTS
Study population.
Characteristics of the study populations are presented in Table 1 . Symptomatic malaria patients presented only during the rainy season and were significantly ( ) younger than asymptomatic volunteers, with higher P ! .001 temperatures, more-enlarged spleens, and higher parasite densities. Although the current study was not specifically designed to assess such differences, fewer symptomatic Fulani than Dogon presented during the inclusion periods. Consistent with previous findings in these populations, spleen rates in both asymptomatic and symptomatic Fulani were significantly higher than in Dogon, whereas parasite prevalence in thick blood slides was lower. When measured by the more sensitive NASBA technique, both the prevalence of parasitemia in asymptomatic individuals and the parasite density in asymptomatic and symptomatic individuals during the transmission season was significantly lower in Fulani, compared with Dogon (Table 1) .
Furthermore, we confirmed the stronger serological responses of Fulani against the asexual blood-stage forms of P. falciparum (Table 1) .
Cellular responses to P. falciparum-infected RBCs. Next, we assessed cellular responses to P. falciparum-infected RBCs in Fulani and Dogon, stratified by parasitological (NASBA) and clinical presentation (Figure 1 ). IFN-g responses to P. falciparum-infected RBCs were markedly stronger in uninfected Fulani than in Dogon donors ( ). Indeed, almost all P ! .001 Fulani donors were stronger responders than any Dogon; approximately two-thirds of Dogon donors could be characterized as low producers (!100 pg/mL) and one-third as intermediate producers (100-1000 pg/mL), whereas two-thirds of Fulani were intermediate producers and one-third were high producers (11000 pg/mL). Similar interethnic differences in IFN-g response were visible in both asymptomatic parasite carriers ( ) and symptomatic donors ( ). IL-10 re-P p .061 P p .026 sponses to P. falciparum-infected RBCs were also significantly higher in uninfected Fulani than in Dogon ( ), and IL-P p .005 10 responses did not differ between asymptomatic ( ) P p .69 or symptomatic ( ) Dogon and Fulani ( Figure 1B) . The P p .40 resultant IFN-g to IL-10 ratio was significantly more proinflammatory in uninfected Fulani than in Dogon ( ), P p .001 with a similar trend in asymptomatic (
) and symp-P p .064 tomatic ( ) donors ( Figure 1C ). These striking findings P p .062 indicate that the Fulani consistently produce markedly stronger cellular responses against malaria parasites than Dogon. Cellular responses to other microorganisms. We next investigated whether this strong IFN-g production is specific to P. falciparum by incubating PBMCs with phytohemagglutinin as well as a panel of pathogenic organisms representing a spectrum of gram-negative and gram-positive bacteria, mycobacteria, and fungi ( Figure 2 ). Whereas responses to P. falciparum were again stronger in Fulani than in Dogon ( ), IFN-P ! .001 g responses to other microorganisms did not differ significantly between tribes but appeared, if anything, to be stronger in Dogon (Figure 2A ) . In contrast, IL-10 responses tended to be stronger in Fulani for most stimuli ( Figure 2B ). Th2-type IL-4 responses to most stimuli were barely measurable above background in all volunteers ( Figure 2C ). The potent cellular Th1-type anti-P. falciparum response by Fulani, thus, appears to be specific for this microorganism.
Hematology. Because these observations might be attributable to interethnic differences in total leukocyte count or in the relative prevalence of lymphocyte subsets known to be capable of IFN-g production, we explored this in the PBMCs of Fulani and Dogon (Table 2) . However, no significant differences in white blood cell count were observed between tribes for either asymptomatic ( ) or symptomatic donors ( P p .80 P p ). There were also no interethnic differences in leukocyte .75 differential count among asymptomatic donors, although symptomatic Dogon were characterized by a more pronounced granulocytosis than were symptomatic Fulani. Moreover, fluorescence-activated cell sorting analysis of lymphocyte subsets b The cut-off of 12 years was determined to be the strongest discriminator of interferon-g response for persons aged 8-20 years (data not shown).
revealed that asymptomatic Dogon and Fulani do not differ in the relative abundance of T, natural killer T, or natural killer cells (Table 2 ). Regulatory T cells. Next, we investigated the role of regulatory T cells in the immune response of Fulani and Dogon to P. falciparum, because these cells have been implicated in the suppression of cellular immunity, including IFN-g production [25] . Overall, Fulani donors harbored fewer circulating CD4 + CD25 hi Foxp3 + regulatory T cells than Dogon donors (percentage of all lymphocytes ‫ע‬ standard deviation, 0.58% ‫ע‬ vs ; ). No difference in regu-0.93% 0.76% ‫ע‬ 0.62% P p .001 latory T cell counts was observed between Dogon and Fulani uninfected donors ( ), whereas regulatory T cell counts P p .20 were clearly lower in Fulani asymptomatic parasite carriers and symptomatic case patients. Furthermore, circulating regulatory T cell counts were not significantly correlated with IFN-g responses, either within the study population as whole (P p ) or within the Dogon ( ) or Fulani ( ) tribes . 16 P p .87 P p .97 separately ( Figure 3B ). To further assess any functional role of these regulatory T cells in the response to P. falciparum-infected RBCs, we performed stimulations with PBMCs depleted of CD25 + cells from asymptomatic donors. As expected from the higher frequency of regulatory T cells in Dogon, depletion of CD25 + cells in these donors led to a more significant increase in the response to the polyclonal stimulant phytohemagglutinin than it did in Fulani. However, depletion of CD25 + cells had no effect on the 24-h IFN-g response to P. falciparum-infected RBCs in either tribe ( Figure 3C ). Interestingly, following 24-h in vitro stimulation of undepleted PBMCs, both Fulani and Dogon demonstrated a similar increase in Foxp3 + regulatory T cell counts (data not shown). Thus, although a difference in counts of circulating regulatory T cells does exist between parasitemic Dogon and Fulani, this difference does not apparently underlie the marked interethnic difference in early IFN-g response to P. falciparum-infected RBCs.
Other factors associated with IFN-g response. To assess potential confounding factors, we explored associations between IFN-g responses and a number donor characteristics in linear regression models ( Table 3 ). As could be deduced from the stratified data in Figure 1 , overall IFN-g responses were negatively correlated with parasite density (measured by NASBA) in both Dogon ( ) and Fulani ( ) ( Figure 4A ). Sim-P p .002 P ! .001 ilarly, IFN-g responses were negatively associated with the presence of fever in the donor and with sampling in the wet season, compared with the dry season. Furthermore, IFN-g responses were also positively associated with serological responses to asexual parasites and were lower in individuals aged !12 years (Table  3) . However, limited inclusion numbers prevented a more detailed assessment of the age-dependency of IFN-g responses in childhood.
In a multiple linear regression model, only tribe ( ) P ! .001 and parasite density ( ) were independently associated P ! .001 with IFN-g response, whereas fever, season, anti-asexual IgG levels ( for all), and even age ( ) were not asso-P 1 .1 P p .062 ciated and, furthermore, did not confound the relation between tribe and IFN-g response (Table 3) . Therefore, the Fulani tribe's stronger IFN-g response to malaria parasites appears to be independent of continuous exposure but strongly associated with control of parasitemia.
Factors associated with parasite density. Finally, in a similar set of analyses, we explored factors predictive of parasite density. As described above, IFN-g response to P. falciparuminfected RBCs was significantly negatively correlated with parasitemia in both tribes ( Figure 4A ). In contrast, regulatory T cell counts were significantly associated with parasitemia, but only in the Dogon tribe ( ) and not in the Fulani tribe P p .014 ( ; Figure 4B ). Anti-asexual IgG levels were not signif-P p .32 icantly associated with parasitemia in either tribe ( vs P p .26 ; Figure 4C ). Not surprisingly, higher parasite densities P p .80 were positively associated with the presence of fever ( ) P ! .001 and the timing of sampling during the high-transmission wet season ( ) and negatively associated with age ( ). P ! .001 P ! .001
DISCUSSION
The relatively lower susceptibility of Fulani to malaria, compared with sympatric tribes, is by now well-established, yet the immunological mechanisms underlying this protection are still far from being understood. Here, we show that the Fulani develop markedly stronger cellular responses to the parasite, in particular a very robust early IFN-g production. Importantly, this response appears to be specific to P. falciparum among a panel of other common pathogens. The strength of these IFNg responses was strongly negatively correlated with parasite density, but this was independent of circulating regulatory T cell counts, age, and season. Other researchers [13] have proposed that differences in regulatory T cells underlie interethnic differences in the ability to control parasitemia, because Fulani in the neighboring country of Burkina Faso have fewer and less-suppressive regulatory T cells than the more susceptible Mossi people. Furthermore, depletion of regulatory T cells in Mossi but not Fulani restored lymphocyte proliferation in long-term (5 day) coincubation assays with P. falciparum-infected RBCs. However, caution should be applied when interpreting such results, because regulatory T cells not only permit but are themselves induced by parasitemia [26, 27] . In support of the latter interpretation, we found interethnic differences in regulatory T cell counts only between parasitemic Dogon and Fulani, which correlate with the higher parasite densities in those Dogon individuals. In contrast, no difference in regulatory T cell counts was observed between uninfected Dogon and Fulani during either the wet or dry season, making selection bias unlikely. Furthermore, although we could confirm that regulatory T cell depletion can increase IFN-g responses to P. falciparum-infected RBCs in long-term stimulations (M.B.B.M., J.H., and R.W.S., unpublished observations), we show here that the early IFN-g response to P. falciparum-infected RBCs is neither effected by regulatory T cell depletion nor associated with circulating regulatory T cell counts. It therefore appears unlikely that regulatory T cells underlie the observed interethnic differences in IFN-g response to malaria parasites. Finally, the finding that these interethnic differences in immune response appear to be P. falciparum specific would be difficult to explain mechanistically by genetic differences in (total) regulatory T cell counts. Instead, we propose that differences within the effector response itself underlie interethnic susceptibility to parasitemia and that uncontrolled chronic infection in turn leads to reactive increases in regulatory T cell counts in susceptible populations.
One of the first immunological correlates of protection discovered in the Fulani tribe was their higher titer of anti-P. falciparum IgG and IgE [2] [3] [4] [9] [10] [11] [12] . We, too, observed higher anti-asexual IgG levels in Fulani, compared with Dogon, but similar to Farouk et al [12] , we found no correlation between IgG and IFN-g responses once stratified by tribe (Table 3) , nor were IgG levels correlated with regulatory T cell counts (P p , data not shown). Thus, it would appear that cellular and .88 humoral immune responses against P. falciparum are independently regulated. Furthermore, corroborating an observation made by others [10] , we found no significant association between anti-asexual IgG levels and parasite density amongst individuals in either tribe ( Figure 4C ), suggesting that humoral responses play a subordinate role, if any, in protection against parasitemia in this study population.
In marked contrast, the robust inverse correlation between IFN-g response and parasite density, which remained statistically significant even after correction for other explanatory factors, strongly suggests a protective effect of cellular immunity against parasitemia, corroborating findings in other settings [18, 19, 28] . Although the inverse mechanism-a suppressive effect of parasitemia on IFN-g responses [29] -may simultaneously be operative, the persistent interethnic difference in IFN-g responses across seasons and in both NASBA-negative volunteers and clinical malaria patients would tend to favor the former explanation. Also interesting, IFN-g production appears to be an acquired response that waxes during childhood in both tribes but plateaus earlier and higher in Fulani than in Dogon (data not shown) and, thereafter, remains stable independent of seasonal changes in transmission intensity. Specific longitudinal studies involving children would be required to explore this hypothesis. An important but unanswered question remains as to whether susceptibility to parasitemia as we have measured it here forms a proxy of susceptibility to (severe) disease and death. Proinflammatory cytokines may after all contribute to immunopathology in addition to controlling parasitemia, thus representing a double-edged sword that is still poorly understood [30] .
In conclusion, we show that the lower susceptibility of Fulani to parasitemia, compared with sympatric populations, is strongly associated with a robust early IFN-g response against asexual P. falciparum parasites. We argue that this insight can be extrapolated to define early IFN-g responses as a useful correlate of protection against malaria in other populations [18, 19, 28] , supporting the further development of whole parasite and recombinant vaccines aimed at inducing such responses.
